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DIGITAL MODEL FOR SIMULATING STEADY-STATE

GROUND-WATER AND HEAT FLOW

By J. E. Reed

ABSTRACT

The computer program models steady-state water and
heat flow in an isotropic, heterogeneous, three-dimensional
aquifer system with uniform thermal properties and no change of
state. Driving forces on the system are external hydrologic
conditions of recharge from precipitation and fixed hydraulic-
head boundaries. Heat flux includes geothermal heat-flow,
conduction to the land surface, advection (heat conveyed by water)
from recharge, and advection to or from fixed-head boundaries.

The program uses an iterative procedure that alternately
solves the ground-water-flow and heat-flow equations, updating
advective flux after solution of the ground-water-flow equation,
and updating hydraulic conductivity after solution of the heat-
flow equation. Direct solution is used for each equation.

Time of travel is determined by particle tracking through
the modeled space. Velocities within blocks are linear
interpolations of velocities at block faces.

Models of cross-sections display additional information

along selected flow paths and for lithology within the section.



INTRODUCTION

This report documents the techniques used in the program
HOTWTR to model the coupled, three-dimensional, steady-state flow
of water and heat through isotropic heterogeneous porous media.
This program was developed as an aid in screening large
ground-water-flow systems as prospects for underground waste
storage. The structure and content of the program reflect that
task and the program is not intended to be a general purpose
approach to a considerable range of ground-water problems.

Most of the techniques are variations of commonly accepted
modeling practices. Sources for program concepts include
Trescott, Pinder, and Larson (1976), Konikow and Bredehoeft
(1978) ,and Faust and Mercer (1977). An earlier version of this
model is discussed in Bedinger and others (1979). Only an
outline of the mathematical development is included in this
report. Discussion of alternative methods is included in places
to justify the procedure selected. Readers unfamiliar with the
concepts of finite-difference methods will find a comprehensive

discussion of these methods in Bennett (1976, p. 119).



The program is based on separate finite-difference
approximations of the ground-water-flow equation and of the
convective-dispersive heat-flow equation. The ground-water-flow
and heat-flow models are interdependent because hydraulic
conductivity in the ground-water-flow model is a function of
temperature and convective flow in the heat-flow model is a
function of ground-water flow. The program iterates on the
coupling between the two equations. The water- and heat-flow
equations are solved alternately, with water flux through the
block faces updated after solution of the ground-water-flow
equation, and hydraulic conductivity updated after solution of
the heat-flow equation. The variation of hydraulic conductivity
with temperature is principally due to the change in viscosity,
and, therefore, density can be assumed to be sensibly constant.
The computer program also may be used as an isothermal model in

which only the ground-water flow equation solved.



The program allows the hydraulic conductivity and porosity
of the rock to be discretized in space, but the thermal
conductivity of the fluid-saturated rock and the specific heat
capacity of the fluid need to be assigned constant values. Also,
for the program, the fluid is assumed to be of constant density.
Hence, the program cannot be used to model free convection, which
is one of two tyPes of convection in porous media identified by
Sorey (1978, p.D8). Forced convection results from stresses on
the ground-water system. Free convection results from buoyancy
effects caused by fluid-density variations due to temperature
differences. Geothermal systems contain Both types of convection
(Sorey, p.D9). This model only considers forced convection, and
is not applicable to systems where free convection is significant
as indicated by geysers, steam, large temperature gradients or
substantial heat flow.

Necessary data for this program consist of the geometric
distribution of lithologies within the modeled space, the
hydraulic conductivity and porosity for each lithologic type, the
water level at recharge or discharge sites such as lakes or
streams, recharge from infiltration of precipitation, temperature
of recharged water, land-surface temperature, geothermal heat-
flow, average thermal conductivity of the water-saturated rock,
and volumetric specific heat of the fluid.

The ground-water-flow and heat-flow models are
block-centered, finite-difference approximations with interblock
hydraulic transmissivity calculated as the harmonic mean of the

two adjacent blocks.



The finite-difference method considers the space of interest
to be represented by a finite number of blocks. Variable
properties of the flow system, such as hydraulic conductivity,
are replaced in the model by their average value within each
block. The average value for the variable to be calculated,
hydraulic head or temperature, is assigned to a position called
the node. Each node is enclosed by a subdomain of the flow
system.

In a block-centered grid, the node is always centered
between adjacent block faces and each flow subdomain is identical
to a block. For point-distributed grids, each subdomain face is
centered between adjacent nodes. Point-distributed grids with
each subdomain identical to a block also are called face-centered
grids.

For grids having uniform spacing in all directions,
block-centered and face-centered grids are equivalent. If block
size (therefore node spacing) is variable, the nodes in a
face-centered grid will not be in the center of all blocks. 1In
general, a face-centered grid with a minimum number of nodes
cannot be designed because the block faces will not always
coincide with natural boundaries in the modeled space. However,
a block-centered grid can always be designed to match natural

boundaries.



Point-distributed grids can be designed that match natural
boundaries (R. L. Cooley, U.S. Geological Survey, oral commun.,
1985) . Such grids have nodes at block corners and flow sub-
domains include parts of four adjacent blocks. Equations
developed for a point-distributed grid are a better approximation
than are equations developed for a block-centered grid. However,
velocity distribution in the flow subdomain could be more complex
if the subdomain includes blocks of differing hydraulic
conductivity or porosity. Examples of these grids are
illustrated in Figure 1.

Subscript notation is used here to reference a quantity's
position in the finite-difference grid. 1Integer subscripts refer
to blocks or to nodes within blocks, whereas fractional-half
subscripts refer to block faces. For example, in reference to

node i, j, and k, where i, j, and k are integer numbers, the head

(h) at node i, j, k is denoted by h , the head at the
. i,j.k
adjacent node in the i increasing direction is denoted by
h , the specific discharge, g, at the block face in the i
i+l,3,k
increasing direction is denoted by g r and so forth. The
i+l/2,3,k
coordinate axes of a finite~-difference block are illustrated in
Eigure 2.

Dimensions for coefficients in equations are given in
general units, not in specific units. These abbreviations (and
their units) are L (length), T (time), E (energy), and Deg.
(temperature). Energy is used here as a general unit although

energy has dimensions of M*L**2/T*%2,
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Figure 1.-Three types of finite-difference grids.
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GROUND-WATER-FLOW MODEL
The equation of steady-state water flow in an isotropic

aquifer for three dimensions can be written as

sh 3h sah
3(K —) 9(K —) 3(K —)
Y 9X 3Z .
+ + + Ws =0 (1)
Y X 3z

where
y, X, z are the three orthogonal coordinate directions (L),
K is the hydraulic conductivity (L/T),
h is the hydraulic head or water-level elevation (L), and

Ws is the recharge per unit depth (1/T).



A finite-difference approximation to equation 1 can be
written as

K ~ (h = h ) K (h - h )
l+1/2'37k l+1'jlk i'j'k i‘l/z,j'k i'j,k i-l,j,k

(Dy  + Dy )/2 (Dy + Dy )/2
i+l i i i-1

Dy
i

K (h - h ) K (h - h )
i,341/2,k i,3+41,k 1,3,k i,3-1/2,k 1,3,k i,3-1,k

(Dx + Dx )/2 (Dx + Dx )/2
j+l ;| ;| j-1

Dx

K (h - h ) K (h - h )
i,j,k+1/2 i,j,k+1 i,jrk i,j.k=1/72 1i,j,k i,j,k=1

(Dz + Dz )/2 (Dz + Dz )/2
k+1 k k k-1

Dz

(2)

L}
o

+ Ws
i,j,k

10



In equation 2, the subscripts represent position in the
finite-difference grid,
i,j,k indicates a specific node or block,
i-1 and i+l indicate the preceding and succeeding nodes or
blocks in the y direction,
j-1,j+1, k-1, and k+l are likewise for the x and z directions
respectively,
i-1/2 and i+1/2 indicate preceding and succeeding block faces
in the y direction,
j-1/2, j+1/2, k-1/2, and k+1/2 indicate likewise for the
x-and z directions, respectively,
Dy, Dx, and Dz are block lengths in the y,x, and z
directions, respectively,
and other symbols are as defined previously. The above
finite-difference approximation applied to a region of interest
results in a system of n (number of blocks) linear equations

for n unknown hydraulic heads.

11



The hydraulic conductivity at the block face is the
thickness-weighted harmonic mean of the hydraulic conductivities

for the adjacent blocks. For the y direction this is

K K (Dy + Dy )
i-lyj'k i,j,k i i-l
K =
i-1/2,j,k K Dy + K Dy
i-1,j,k i i,j,k i-1
and
K K (Dy + Dy )
i+l,j,k i,3,k i i+l
K =
i+1/2,3,k K Dy + K Dy
i+l,j,k i i,j,k i+l

Similar expressions may be developed for the hydraulic

conductivity at block faces in the x and z directions.
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The finite-difference equation for a block multiplied by the
volume of the block (Dy_*Dx_*Dzk) becomes a balance equation with
1 J
each term representing a flow into or out of the block. The balance

equation requires that total inflow to the block must equal total

outflow. Equation 2 becomes

K (h - h ) K (h - h )
i+1/2,3.,k i+l,3j.k i,j.k i-1/2,j.,k i,3j.k i-1,3j.,k
[ - 1Dx Dz
(Dy + Dy )/2 (Dy + Dy )/2 j k
i+l i i i-1
K (h - h ) K (h - h )
i,j+l/2,k i'j+l,k i'j,k i,j“l/z,k i'j'k i,j'l,k
+1 - 1Dy Dz
(Dx + Dx )/2 (Dx_ + Dx_ )/2 i k
j+l J J j-1
K (h - h ) K (h - h )
i,j,k+l/2 i,j,k"'l i'j'k i,j,k-l/Z i'j'k i'j'k—l
+I - 1Dy Dx
(Dz + Dz )/2 (Dz + Dz )/2 i j
k+1 k k k-1
+ Ws Dy Dx Dz = 0 (3)

i,3.k 1 j k

where all terms are as previously defined.

Collecting terms in equation 3 gives the form
A_ - h. . + B. . h + C h + D h
I'J'k l-l’J,k l]J'k i,j"l,k i,j'k i'j'k-l i'j'k i'j'k

+E b +F h +G h
ir3ek i,3,k41  i,3,k i,3+¢1,k  i,3,k i+1,5,k

+ Ws Dy Dx Dz = 0.

. ) (4)
1,3,k 1 3j k

13



and

D

i,j.k

The terms in equation 4 are:

i'j'k

i,k

i,3,k

i,j.k

i,j.,k

-(A + B

i,3,k

K
i-1/2,3,k

3

Dx Dz

k

(Dy + Dy‘

i i-1

K
i'j_l/Z'k

i

)/

Dy Dz

2

k

(bx + Dx

;| j-1

K
i,j,k-1/2

i

)/

2

Dy Dx

J

{(Dz + Dz

k k-1

K
i,j,k+1/72

i

)/

Dy Dx

2

3

(Dz
k+1

K
i,j+1/72,k

Dy

k

i

Dz

+ Dz )/2

k

(Dx
j+1

K
i+1l/2,3.,k

J

3

Dx Dz

+ Dx')/2

k

(Dy
i+l

+
i,isk

C
i,jrk
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+

E

+ Dy )/2

i, ik

-+

F

i, j.k



Equation 4 can be written for each of the n active blocks
in the model resulting in a system of n equations for n unknown
hydraulic heads. This system, in matrix notation, is

[Bl {h}={-(W+H)}
where B is the matrix of coefficients of the hydraulic heads in
the system of equations, h is the vector (n by 1 matrix) of
unknown hydraulic heads, -(W+H) is a vector of known terms,
formed by moving the recharge and constant hydraulic-head terms
to the right side of the equations.

In residual form (Trescott and others, 1976, p.16, eq. 174d)
the system becomes

| [B] {hi+Dh}={~(W+H)}
where h is separated into hi, the initial hydraulic head, and Dh,
the computed change in hydraulic head. The residual form
decreases rounding errors in the computation when change in
hydraulic head is smaller in magnitude than hydraulic head.
Transfering the known terms to the right side gives
[B] {iDh}=-([Bl{hi}+{W+H})
or
(Bl {Dh}={R}

where R is a vector composed of all known terms.

15



HEAT-FLOW MODEL
The equation for steady-state, convective-diffusive heat
flow in three dimensions for conditions of uniform thermal
conductivity and specific heat may be written
2 2 2
3t 3t 2t 3 (gt) 3(gt) a(gt)
Kt ( + + ) + StI[ + + ] +Ht =0 (5)

2 2 2 oy 3 X %z
dy 3x 3z

where
Kt is the thermal conductivity of the rock saturated with
water, [E/(L*T*Deg.)],
t is the temperature (degrees on some scale),
Y: %X, z are the three orthogonal coordinates (L),
St is the volumetric specific heat for the fluid
[E/ (L**3*Deg.) ],
g is the specific discharge, flow per unit area, of ground
water at a point (L/T),
and Ht is a heat source term which includes the geothermal heat

flow per unit depth [E/(L**3*T)],

16



A finite-difference approximation of equation 5 can be

written for a block numbered i,j,k as

t -t t -t
i+l,j'k i'j'k i,j,k i_l'j'k
(Dy + Dy )/2 (Dy + Dy )/2

i+l i i i-1

Ktl

‘Dy
i

t -t ‘ t -t
i'J'l'l'k i,j,k i,j'k i,j_l,k

(Dx + Dx_)/2 (Dx. + Dx )/ 2
j+1 3 3 j-1

Dx

t -t t -t
i’j'k'l'l i'j'k i'j,k i,j,k"l

(Dz + Dz )/2 (Dz + Dz )/2
k+l k k k-1

Dz

t - q t

q
i+l/2'j,k i+l/2yj,k i-l/Z,j,k i-l/zyj,k

+ St(

Dy
i

q t - g t
i,j+l/2,k i,j+l/2,k i,j’l/z,k i,j—l/Z,k
+

Dx

J

q t - g t
i,j,.k+1/2 i,j,k+1l/2 i,j,k-1/2 i,j,k-1/2
+ ) + Ht
Dz
k

17

i,j.k

0.

(6)



In equation 6, the subscript notation is as discussed
previously and t, Kt, St, q, and Ht are as defined above.

The specific discharge, g, is calculated for the y direction

as
K (h - h )
i_l/ZIj'k i'j'k i_l'j'k
q =
i i-1
and
K (h - h )
i+1/2,3,k 1i,3j.,k i+l1l,3,k
q = .
i+1/2,3,k (Dy + Dy Y/2
i i+l

Similar expressions may be developed for the specific discharge

at block faces in the x and z directions.

18



The effective temperature for convective flow by upgradient

weighting is

t =t if g >0
i+1/2,3,k i,j,k i+l/2,3,k
or
t =t if gq <0
i+1/2,3.,k i+l,3j,k i+l/2,3,k
and
t =t if q > 0
i"l/z,j,k i-l'j'k i'l/2,j,k
or
t =t if g <0
i-1/72,3.,k i,j,k i-1/2,3,k

and similarly for the other two directions. Upgradient weighting
for convective heat transport assigns face temperature to the
"upgradient"™ node. For central weighting, face temperature is
computed as an average for the two adjacent nodes. Central
weighting is more accurate for small grid spacing than upgradient
weighting, but produces oscillatory, unstable solutions when the
grid spacing is large. Upgradient weighting provides a stable

solution for large grid spacing.

19



Multiplying the finite-difference equation, equation 6, by
the volume of the block results in a balance equation for heat

flow which is:

t. -t t -t
l+llj'k iljlk ilj'k i"lljlk
Ktl( - )Dx Dz
(Dy + Dy )/2 (Dy + Dy )/2 j k
i+l i i i-1
t -t t -t
i'j+lik i'jrk irjrk ilj"lrk
+ ( - )Dy Dz
(Dx + Dx )/2 (Dx + Dx )/2 i k
j+l J 3 j-1
t -t t -t
irjrk+1 ivjrk iljlk iljrk“l
+ ( - )Dx Dy 1
(Dz + Dz )/2 (Dz + Dz )/2 j i
k+1 k k k-1
+ Stl(g t -q t )Dx Dz

i+l/2'j'k i+l/2'j’k i*l/2,j,k i"l/z,j,k j k

+ (g t - q t )Dy Dz
i,j+l/2,k i,j+l/2,k i,j"l/z,k i,j"l/zyk i k

+ (q t -q t )Dy Dx ]

+ Ht Dy Dx bz = 0. (7)
i,j,k i 3 k
Each term in the preceding balance equation is a heat flow
(dimensions E/T) into or out of the block, with total inflow equal

to total outflow.

20



Collecting terms in equation 7 gives the form

A t + B t + C t + D t
irjrk i'lrjlk iljrk irj‘lrk irjrk irjlk'l iljlk irjrk
+ E t + F t + G t
i,j.k i,3,k+l i,j,k i,j+1,k i,j,k i+l,3j,k
+ Ht Dy Dx Dz = 0 (8)
i,3,k i1 3J k
with
Kt Dx Dz
j k
A = - St g Dx Dz
i,j,k (Dy + Dy )/2 i-1/2,3j,k j k
i i-1
if g >0
i-1/2,3j,k
or
Kt Dx Dz
j k
A =
i,j,k (Dy + Dy )/2
i i-1
if q <0
i-1/2,3.,k
and
Kt Dy Dz
i k
B = - St g Dy Dz
J i-1
if g > 0
i,j"l/z,k
or
Kt Dy Dz
i k
B =
i,j.,k (Dx + Dx )/ 2
3 J-1
if g < 0.
i,j-1/2,k

21



Also,

Kt Dy Dx
i 3
Cc = -
i,j.,k (Dz + Dz )/2
k k-1
if g >0
i,j,k—l/z
or
Kt Dy Dx
i3]
C =
i,j,k (Dz + Dz ) /2
k k-1
if g <0
i,j,k-1/2
and
Rt Dy Dx
i 3
E =
i,j,k (Dz + Dz )/2
k k+1
if g >0
i,j, k+1/2
or
Kt Dy Dx
i s
E = -
i,j,k (Dz + Dz Y/ 2
k k+1
if < 0.
i,j, k+1/2

22
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i

3

Dy Dx

i
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Also,

F
if g >
i,3+1/2,k
or
F
if gq <
i,j+1/2,k
and
G
if q >
i+1/2,3,k
or
G
i
if g <
i+l/2,3,k
and
D ==(8s
i,j,k

Kt Dy Dz
i k
i,j,k (Dx + Dx )/2
j j+1
0
Kt Dy Dz
i k
= - St g
i,j,k (Dx + Dx Y/2 i,j+1/2,k
j j+l
0
Kt Dx Dz
j k
i,j.k (Dy + Dy ) /2
i i+l
0
Kt Dx D=z
j k
= - St g
yJek (Dy + Dy )/2 i+1/2,3,k
i i+l
0
um of the alternate terms for A y
i,j.k
C B o+ F , and G
i'j,k iyj,k i'j'k i'j'k

q terms reversed if present).

23
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Equation 8 can be written for each of the n active blocks in
the model, resulting in a system of n equations for n unknown
temperatures.

This system, in matrix notation, is

(Bl {t}={-(H'+T'")}
where B is the matrix of coefficients of the temperatures in the
system of equations, t is the vector of unknown temperatures,
-(H'+T') is a vector of known terms, formed by moving the heat
flow, H', and constant temperature, T', terms to the right side
of the equations. This system in residual form is
(Bl {Dt}=-([B) {ti}+{H'+T"'})
or
[B] {Dt}={R}
whére Dt is the change in temperature, ti is the initial

temperature, and R is the vector of known terms.

24



SOLUTION PROCEDURE

The computer program numbers the balance equations
alternately, proceeding in the order of the smallest dimensions
of the model grid. An example of the equation numbering is shown
in Figure 3. This produces an equation coefficent matrix with
the form shown in Figure 4. This matrix is similar to that
produced by the "D4" ordering of Larson (1978) . However, the
ordering, when applied to two dimensions, is less efficient than
the "D4" ordering.

Coefficient matrices for both water and heat balances have
the form shown in figure 4. Of course, the coefficients have
different values. 1In particular, the matrix for water balance is
symmetric, whereas the matrix for heat balance is not. The same

procedure is used to solve both. .

25
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[ N VS B S I
~

]
1 2 3 4
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Figure 3.--Equation numbering for a 4 by 4 by by 4 grid
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VARIABLE NUMBER

2 33 4 6

1 0 23 0 4

+- - -— -—+

1 (D .EF G ]
I D .CE F G [

I D .B CEF G [

I D .BCPF G 1

| D . BEF G |

| D . BCEF G ]

] D . B CE G |

! D . B C G ]

I D .A CEP G |

] D . A CF G ]

] D . A BEF G ]

] D . A BCE P G |

} D . A B CEF G ]

! D . A BCF G }

! D . A B E G )

1 D . A BCE G ]

] D . A EF G |

[ D . A CEF G |

| D . A B CEP G |

20 | D . A BCP o] |
| D . A BEFP G |

E } D . A BCE P ¢ |
Q ] D . A B CE G |
U l D . A B C (]
A | D . A CEF }
T l D . A CP |
I l D . A BEF |
0] i D . A BCEF |
N i D . A B CEF |
| D . A B C FI

i D . A BE|I

32 1 D. A BCEI
N 33 ICEF G .D l
1] I CP G . D |
M IBEFP G . D l
B | BCE F G . D [
E | B CEF G . D i
R I BCF G . D l
i B E e} . D 1

40 | BCE G . D 1
1A EF G . D i

I A CE P G . D |

1 A B CEF G . D i

I A BCFPF G . D l

i A BEFP G . D |

| A BCE P G . D i

i A B CE G . D i

| A B C G . D |

| A CEF G . D ]

] A CF G . D ]

I A BEFPF G . D i

| A BCE F G . D |

| A B CEF G . D i

| A BCF G . D |

i A B E G . D |

| A BCE G. D |

| A EP . D {

i A CE P . D |

| A B CEF . D |

| A BCF . D |

] A BEF. D |

| A BCE F. D |

| A B CE. D |

64 | A B C. DI
+= = +

Figure 4.--Structure of coefficient matrix for a 4 b¥.4_by 4 grid.
Symbols A,B,C,D,E,F, and G refer to coef icients 1in
equations 4 and 8. Blanks indicate zero coefficients.
Dotted lines indicate the partitioning of the matrix.
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The coefficient matrix is partitioned into upper and lower,
and further into left and right submatrices (fig. 4)

[DU]l | [AU]

[B]l =
(AL] | [DLl

The two submatrices, DU and DL, are both diagonal matrices (terms

off the main diagonal are zero). The unknown vector, U, and

known vector, R, are divided by the upper—lower partitioning into

two vectors, called UU and UL,and RU and RL, respectively.

Eliminating terms in AL by adding multiples of DU gives
[(B']{U}={R"}

where R' consists of RU and RL' and

(DU] | [AU]
[B'] =

ol I [Aal
and 0 is a submatrix consisting entirely of zeros. The matrix,
A, is formed by the addition of multiples of AU to DL; likewise,
the vector RL' is formed by the addition of the same multiples of
RU to RL. This elimination is similar to that of Larson (1978,

p. 3 and fig. 2).
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The lower partition of the equation now is
[A]{UL}={RL"'}
which may be solved for UL by the Gauss algorithm
(Kreyszig, 1972, p. 235). Elimination of terms below the main
diagonal in A results in
[A'] {UL}={RL''}
where A' is an upper triangular matrix and RL'' is a new
known-vector produced by the elimination. UL is then computed by
back substitution.
The remaining equations may be expressed as
[DU] {UU}={RU}-[AU] *UL
and, because DU is a diagonal matrix, each equation has only one

unknown and UU may be calculated directly.
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TRAVEL TIME
Travel time is computed in the code by moving a particle of

water through the model. The velocity at a block face is

q
i-l/2,j,k

v =
i-l/zrj'k P
i,j.k
and
q
i+1/2,3,k
v =
i+1/2,3.,k P
i,j.k

and similarly for the other two directions, where the subscripts
indicate location as defined previously,

v is the velocity (L/T),

q is the specific discharge (L/T), and

p is the porosity (dimensionless).
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The velocity in a given direction within a block is
estimated as a linear interpolation between the velocities at the
two opposing faces. For example,

vy = ay+by*y
where vy is the velocity in the y direction, and ay and by are
constants defining the linear function. Using a local coordinate
system for each block with y =0 at face i-1/2,j,k and y = Dy_ at
i

face i+l1l/2,j,k the two constants are

ay = v
i-1/2,3.,k

and

v -V
i+l/2,j'k i—l/2'j'k

by =
Dy
i
Velocities are computed in a similar manner for the other two

directions.
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The time, Dty » that it takes to travel from a point

i,j,k
within a block, yo, to a point on a block face, yf, along the
component of movement in the y direction is given by

vE
1
Dty = dy
i,j,k ay + by*y
yo

where yo is the lower limit of integration, yf is the upper

limit, 1/ (ay+by*y) is the integrand, dy is the differential of y,
and ay+by*y is the linear velocity function. Performing the
integration

1l ay + by*yf

Dty = = 1n
i, j.k by ay + by*yo

(9)

where 1n is the natural (base e) logarithm. Similar development
results in similar expressions for the x and z directions.

The exit point (xf,yf, zf) from the block is unknown.
Substituting the maximum possible values for xf,yf, and xf into
equation 9 results, in general, in three different travel times.
The flow path intersects the face in the direction of the
coordinate associated with the minimum time. The other two
coordinates of the exit point may be determined by substituting
the minimum time into equation 9.

The travel time across a block is the minimum of the travel
times obtained by applying eq. 9 in the three coordinate
directions. The total travel time along a flow path through the
model is the sum of the travel times through the blocks traversed

by the flow path.
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COMPUTER PROGRAM

The program, written in Fortran 77, consists of the main
routine, HOTWTR, and 27 subroutines. The code is listed in
attachment 1. Definition of selected program variables is in
attachment 2. Description of the input data is given in
attachment 3. An outline of the output data is given in
attachment 4. An example simulation showing input data and
selected parts of the PRINT output data is in attachment 5. A
generalized flow chart for the program is in attachment 6. All
attachments are at the back of the report. A tabulation of the

subroutines follows:

Name Called Description
from
BACK HOTWTR  Back substitutes to determine upper part of

unknowns, adds change to old value, and
determines largest change.

HEATEQ HOTWTR  Computes coefficient matrix and known vector
for the heat equation.

MOVE HOTWTR  Determines time of travel and point of
discharge for each active node.
MSUB MOVE Tracks water particle through the model.
and
PATH
MSUB1 MSUB Calculates position, velocity, and travel

time to block face in direction of movement.
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from

NUMBER  DATAIN Numbers equations and sets pointers from
model grid to equation.

— ——_—— G - Y S . —— — —— — ——— — . — — T ——— — — — —— — f——— T —— —— T - — ——— — Gna = \—— = —— ———— = S——

PA HOTWTR Adjusts hydraulic conductivity for temperature
change.

PATH HOTWTR Traces flow paths from top of model to
discharge point.

———  — ——— ——— — —— — — - ——— — S - —— S W — G = — — —— —— - —— T —— T . — ——————— ——

PLINE2 PRINT Constructs one line of head or travel-time
cross—-section.

—— S - S S ——— — - —— Y T — (y —— Gon - — S, G = Gum T — > T —— S —— . —— Gnn T —— - — ———— —— —— ————— . ——

PRINT HOTWTR Constructs cross—-sections of flow paths, head,
travel time, and lithology.

——————————————————————————————————————————————————————————————————
——————————————————————————————————————————————————————————————————
——————————————————————————————————————————————————————————————————
——————————————————————————————————————————————————————————————————

SOLVE HOTWTR Reduces the A matrix to A' and back substitutes
to determine the lower part of the unknowns.

WATEQ HOTWTR Computes the coefficient matrix and the known
vector for the ground-water equations.

> ——— —— T —————— A ——— T S > Sum G w——————-  —— G W t— e S R S S SEn T G S G G G T G S — ——————— - - Y T S S - ———

ZER MSUB2 Locates limiting points near points of zero
and velocity.
PATH

— . ———— > - ——  ——— ——— S g S E— — G G o S —— G G- . - Gna ————— ——— — T Sun - ———— . W = GV ——————
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Size of the A array (253000) permits a 65*60 two-dimensional
or a 12*%12*12 three-dimensional model. Storage requirements for
the A array can be estimated as (mn*2+1l)*(mnl/2) where mn is the
product of the two smallest of M, N, and L, and mnl is the

product of all three.
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Attachment 1.

PROGRAM HOTWTR

LOGICAL LFIN,LSTOP,LRCPT,LVPT
CHARACTER G8

CHARACTER*12 FILE,TEMP

CHARACTER*18 FILEl,FILE2,FILE3,FILE4,FILE5,FILE6

REAL KT
REAL*8 &
CHARACTER*8 XMESUR, ZMESUR

COMMON/VAR/NU,NL, IBW, NEQ, IGATE, MDM, MAX, L, M,N, LFIN, MN,

¢ LHCPT,LVPT, IREF,SP,KT, TTOP, TEMPR,

¢ DELH,DELT, TCONV, HCONV , XSCALE, ZSCALE,DINCHX,DINCHZ , KMESUR, ZMESUR

COMMON//A (253000)
COMMON/G1/G1(32768)
COMMON/G2/G2(32768)
COMMON/G3/G3(32768)
COMMON/G4/G4(32768)
COMMON/G5/G5(32768)
COMMON/G6/G6 (32768)
COMMON/G7/G7(32768)
COMMON/G8/G8(131072)
DATA LREC,LSTOP/4, .FALSE./
LFIN=.FALSE.
WRITE(1,7)
READ(1,8)FILE
IBP=INDEX(FILE,' ")
IF (IBP.EQ.O) THEN

IBP=13
ELSE IF(IBP.EQ.1)THEN

IF(FILE.EQ.' ') THEN

WRITE(1,9)
GOTO1

ENDIF

TEMP=FILE '

PILE=TEMP(2:12)

GoTo2
ENDIF
FILEl=FILE(1:IBP-1)//'.INPUT'
FILE2=FILE(1:1BP-1)//"'.BAL'
FILE3=FILE(1:1BP-1)//'.VELO'
FILE4=FILE(1:IBP-1)//'.MOVE'
FILES=FILE(1:1BP-1)//'.PATH'
FILE6=FILE(1:IBP-1)//'.PRINT'
OPEN(5,FILE=FILE)

READ(5,10) M,N,L,MAX,IREF,LHCPT,LVPT

MN=M*N

LMN=L*MN

SET POINTERS FOR Gl ARRAY
IHD=1

ITMP=IHD+LMN*2
IDX=ITMP+LMN*2

IDY=IDX+N

IDZ=IDY+M
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Attachment 1, continued

IDISTX=1DZ+L HOTW 53
IDISTZ=IDISTX+N HOTW 54
IEND1=IDISTZ+L-1 HOTW 55
d SET POINTERS FOR G2 ARRAY HOTW 56
IIB=1 HOTW 57
IIT=IIH+LMN HOTW 58
INP=IIT4LMN HOTW 59
IIR=INP+LMN HOTW 60
c SET POINTERS FOR G4 ARRAY HOTW 61
IHC=1 HOTW 62
IP=IHC+LMN ‘ HOTW 63
IPOR=IP+LMN HOTW 64
IRCH=IPOR+LMN HOTW 65
IRJ=IRCH+MN HOTW 66
IDP=IRJ+N*3 HOTW 67
IHF=IDP+MN HOTW 68
IEND4=IHF+MN-1 HOTW 69
d SET POINTERS FOR G7 ARRAY HOTW 70
IVX1=1 HOTW 71
IVX2=IVX1+LMN HOTW 72
IVY1=IVX2+LMN HOTW 73
IVY2=IVY1+LMN HOTW 74
IVZ1=IVY2+LMN HOTW 75
IVZ2=IVZ1+LMN HOTW 76
IEND7=1IVZ2+LMN-1 HOTW 77
d SET POINTERS FOR G8 ARRAY HOTW 78
ISEC=1 HOTW 79
IF(M.GT.1) THEN HOTW 80
ITIM=1 HOTW 81

ELSE HOTW 82
ITIM=ISEC+LMN+MOD (LMN,4) HOTW 83
ENDIF , . HOTW 84
IIDS=ITIM+4*LMN HOTW 85
IPATH=I1IDS+4*LMN HOTW 86
IF (IEND1.GT.32768) THEN HOTW 87
WRITE(1,11) IEND1 HOTW 88
LSTOP=.TRUE. HOTW 89

END IF HOTW 90
IF (IIR.GT.32768) THEN HOTW 91
WRITE(1,12)IIR HOTW 92
LSTOP=, TRUE. HOTW 93

END IF HOTW 94
IF (IEND4.GT.32768) THEN HOTW 95
WRITE(1,13) IEND4 HOTW 96
LSTOP=.TRUE. HOTW 97

END IF HOTW 98
IF (IEND7.GT.32768) THEN HOTW 99
WRITE (1,14) IEND? HOTW100
LSTOP=.TRUE. HOTW101

END IF HOTW102
IF(IPATH.GT.131072) THEN HOTW103
WRITE(1,15) IPATH HOTW104
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Attachment 1, continued

LSTOP=.TRUE,
END IF
IF (LSTOP) GOTC6
WRITE(1,16)
OPEN(6,FILE=FILEl)

CALL DATAIN(G4 (IRCH),Gl(ITMP),G4(IHF),G2(IIT),G4(IP),

HOTW105
HOTW106
HOTW107
HOTW108
HOTW109
HOTW110

c G4 (IPOR),G4 (IHC),G4 (IDP),G2(IIH),G1(IHD),G1(IDX),G1(IDY),G1(IDZ), HOTW11l

¢ G2(INP),G8(ISEC))
MORE POINTERS FOR G2 ARRAY
IJR=IIR+NEQ
IKR=1JR+NEQ
IEND2=1IKR+NEQ-1
SET POINTERS FOR G3 ARRAY
I0=1
IEND3=NEQ*6
SET POINTERS FOR G5 ARRAY
IAU=1
IEND5=NU*12
SET POINTERS FOR G6 ARRAY
Ibu=1
IRU=IDU+NU*2
IRL=IRU+NU*2
IEND6=IRL+NL*2-1
IENDA=NL*IBW
IF(IEND2.GT.32768) THEN
WRITE(1,12) IEND2
LSTOP=.TRUE.
END IF
IF(IEND3.GT.32768) THEN
WRITE(1,17) IEND3
LSTOP=.TRUE.
END IF :
IF(IEND5.GT.32768) THEN
WRITE(1,18) IENDS
LSTOP=.TRUE.
END IF
IF(IEND6.GT.32768) THEN
WRITE(1,19) IEND6
LSTOP=.TRUE.
END IF
IF (IENDA.GT.253000) THEN
WRITE (1,20) IENDA
LSTOP=.TRUE.
END IF
IF (LSTOP)GOTO6

CALL PARTN(G2(INP),G2(IIR),G2(IJR),G2(IKR),G3(IQ))

CLOSE(6)
OPEN(6,FILE=FILE2)

3 WRITE(1,21)
CALL PA(GLl(I1TMP),G2(IIT),G2(IIH),G2(INP),G4(IP),G4(IHC),G3(IQ))

IF (LFIN)GOTO4
WRITE(1,22)

HOTW112
HOTW113
HOTW114
HOTW115
HOTW116
HOTW117
HOTW118
HOTW119
HOTW120
HOTW121
HOTW122
HOTW123
HOTW124
HOTW125
HOTW126
H0TW127
HOTW128
HOTW129
HOTW130
HOTW131
HOTW132
HOTW133
HOTW134
HOTW135
HOTW136
HOTW137
HOTW138
HOTW139
HOTW140
HOTW141
HOTW142
HOTW143
HOTW1 44
HOTW145
HOTW146
HOTW147
HOTW148
HOTW149
HOTW150
HOTW151
HOTW152
HOTW153
HOTW154
HOTW155
HOTW156



Attachment 1, continued

5

CALL WATEQ(G6 (IRL),G6 (IRU),G6 (1DU),G5(IAU), HOTW157
c G2(IIR),G2(IJR),G2(IKR),G2(INP),G4(IHC),G1(IDX),G1(IDY),G1(1iD2), HOTW1S58
¢ G2(IIH),G1l(IHD),G4(IRCH)) HOTW159

WRITE(1,23) HOTW160

IGATE = IGATE + 1 HOTW161

WRITE(1,24) IGATE HOTW162

CALL SOLVE(G6 (IRL)) HOTW163

CALL BACK(G2(IIR),G2(IJR),G2(IKR),G2(INP),G1(IHD),G6(IRL), BHOTW16 4
¢ G6 (IRU) ,G5(1AU),G6(IDU) ,DELV) HOTW165

DELH=DELV HOTW166

WRITE(1,25)DELH HOTW167

WRITE (6,26) IGATE, DELH HOTW168

I1F (ABS(DELT) .LT,TCONV.AND.ABS(DELH) .LT.HCONV) LFIN=.TRUE. HOTW169

IF (IGATE.GE.MAX) LFIN=,TRUE, HOTW170

4 WRITE(1,27) HOTW171

CALL COMPQ(G2(IIR),G2(IJR),G2(IKR),G2(IIH),Gl(IHD), HOTW172
¢ G4(IHC),G1(IDX),G1(1DY¥),G1(IDZ),G3(1IQ)) HOTW173

IF(LFIN) GOTGS HOTW174

WRITE(1,28) HOTW175

CALL HEATEQ(G6 (IRL) ,G6 (IRU),G6(IDU) ,G5(IAU),G2(IIR),G2(IJR), HOTW176
¢ G2(IKR),G2(INP), Gl(ITMP),G2(IIT),Gl(IDX),Gl(IDY¥),G1(1ID2), HOTW177
c G4 (IRCH) ,G4(1DP) ,G4(IHF),G3(IQ)) BOTW178

WRITE(1,23) HOTW179

IGATE = IGATE + 1 BOTW180

WRITE(1,24) IGATE BOTW181

CALL SOLVE(G6 (IRL)) HOTW182

CALL BACK(G2(IIR),G2(IJR),G2(IKR),G2(INP),G1(ITMP),G6(IRL), HOTW183
¢ G6 (IRU),G5(1IAU) ,G6(IDU},DELV) HOTW184

DELT=DELV HOTW185

WRITE(1,29)DELT HOTW186

WRITE(6,30) IGATE,DELT HOTW187

IF(ABS(DELT) .LT.TCONV,AND.ABS(DELH) .LT.HCONV) LFIN=.TRUE. HOTW188

IF (IGATE.GE.MAX) LFIN=,TRUE. HOTW189

IF (LFIN) GOTO5 HOTW190

GOTO3 HOTW191

WRITE(1,31) HOTW1 92

CALL BAL(Gl(ITMP),G4(IHC),Gl(IDX),Gl(IDY¥),G1(IDZ),G2(IIT),G4(IHF),HOTW193
c G4(I1DP),G4(IRCH) ,G2(IIH) ,G1(IHD)) HOTW194

WRITE(1,32) BOTW195

WRITE(6,32) HOTW1 96

CLOSE (6) HOTW197

IF (LVPT)OPEN(6,FILE=FILE3) HOTW198

CALL VELO(G2(IIH),Gl(IHD),G4(IHC),G1(IDX),G1(IDY), HOTW189
¢ G1(1D2),G7(IVX1l),G7(IVX2),G7(1V¥l),G7(1IVY2), HOTW200
¢ G7(1IvV2l) ,G7(1vZ2),G4(IPOR),G4(IRCH)) HOTW201

IF(LVPT)CLOSE(6) HOTW202
OPEN(6,FILE=FILE4) HOTW203
WRITE(1,33) BROTW204

CALL MOVE(G2(IIH),G7(IVX1l),G7(IVX2),G7(IV¥l), HOTW205
c G7(1Iv¥2),G7(1vzl),G7(1vZ2),G1(IDX),G1l(1DY),G1(1IDZ), HOTW206
c G8(ITIM),G8(IIDS)) HOTW207

CLOSE (6) HOTW208
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Attachment 1, continued

IF(M.GT.1)GOTO6 HOTW209
NR=(131073-IPATH)/3 HOTW210
NREC=NR/4 . ) HOTW211
WRITE (1,34) HOTW212
OPEN(6 ,FILE=SFILES) HOTW213
CALL PATH(G4 (IRCH),G2(IIB),G7(IVX1l),G7(IVX2), HOTW214

¢ G7(1vzl),G7(1v22),G1(IDX),G1(1DY),Gl(1IDZ), HOTW215

¢ Gl(IDISTX),Gl(IDISTZ) ,G4(IRJ},NREC,G8(1PATH), HOTW216

¢ G3(IQ),G2(INP)) HOTW217
CLOSE (6) HOTW218
WRITE(1,35) HOTW219
NR=NREC*4 HOTW220

c MORE PCINTERS FOR G8 ARRAY HOTW221
IIPOS=IPATH+NR HOTW222
ISRT=1IPOS+NR HOTW223
IEND8=ISRT+NR-1 ’ HOTW224
IF(IEND8.GT.131072) THEN RHOTW225
WRITE(1,15) IENDS8 HOTW226
LSTOP=.TRUE. HOTW227

END IF HOTW228

IF (LSTOP) GOTO6 HOTW229
CALL SORT(G8(IIPOS),G8(IPATH),G8(ISRT),NREC,LREC) HOTW230
WRITE(1,36) HOTW231
OPEN(6,FILE=FILE6) HOTW232
CALL PRINT(G8(ITIM),G8(ISRT),G1l(IHD),G2(I1IH),G1(1IDX), HOTW233

¢ G1(IDZ),G8(ISEC),NR) HOTW234
CLOSE(6) HOTW235

6 STOP HOTW236
7 FORMAT (' FILENAME="') HOTW237
8 FORMAT (Al12) HOTW238
9 FORMAT (' FILE NAME IS BLANK') HOTW239
10 FORMAT(513,2L1) HOTW240
11 FORMAT(' SIZE OF Gl ARRAY = ',16,' , DIMENSIONED AS 32768') HOTW241
12 FORMAT(' SIZE OF G2 ARRAY = ',16,' , DIMENSIONED AS 32768') HOTW242
13 FORMAT(' SIZE OF G4 ARRAY = ',16,' , DIMENSIONED AS 32768') HOTW243
14 FORMAT(' SI1ZE OF G7 ARRAY = ',16,' , DIMENSIONED AS 32768') HOTW244
15 FORMAT(' SIZE OF G8 ARRAY = ',16,' , DIMENSIONED AS 131072') HOTW245
16 FORMAT (' DATAIN') HOTW246
17 FORMAT(' SIZE OF G3 ARRAY = ',16,' , DIMENSIONED AS 32768') HOTW247
18 PORMAT(' SIZE OF G5 ARRAY = ',16,' , DIMENSIONED AS 32768') HOTW248
19 FORMAT(' SIZE OF G6 ARRAY = ',16,' , DIMENSIONED AS 32768') HOTW249
20 FORMAT(' SIZE OF A ARRAY = ',I16,' , DIMENSIONED AS 253000') BOTW250
21 FORMAT(' PA!') BOTW251
22 FORMAT (' WATEQ') HOTW252
23 FORMAT(' SOLVE') HOTW253
24 FORMAT(/1X,'ITERATION NUMBER ',I3/1X,20(1H~-)) HOTW254
25 FORMAT (/1X,'MAX. CHANGE IN HEAD = ',1PE12.4) BOTW255
26 FORMAT(/1X,'ITERATION NUMBER ',13, HOTW256
¢ ', MAX, CHANGE IN HEAD = ',1PE12.4) HOTW257
27 FORMAT(' COMPQ') HOTW258
28 FORMAT (' HEATEQ") HOTW259
29 FORMAT(/1X,'MAX. CHANGE IN TEMP. = ',1PE12.4) HOTW260
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continued

30 FORMAT(/1X,'ITERATION NUMBER ',I13,

31
32
33
34
35
36

c ', MAX.

FORMAT ('
FORMAT ('
FORMAT ('
FORMAT ('
FORMAT ('
FORMAT ('
END

CHANGE IN TEMP, = ',1PEl2.4)
BAL')

VELO')

MOVE')

PATH')

SORT')

PRINT")
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Attachment 1, continued

cC

DATAIN - Reads input data.

SUBROUTINE DATAIN(RCH,TMP,HF,IT,P,POR,HC,DP,IH,HD,DX,DY,DZ,
c NP, SEC)

LOGICAL LFIN,LHCPT,LVPT

REAL KT

REAL*8 HD,TMP

CHARACTER*8 XMESUR, ZMESUR

DIMENSION RCH(M,N),TMP(M,N,L) ,HF(M,N),
cIT(M,N,L),P(M,N,L),POR(M,N,L),
cHC(M,N,L) ,DP(M,N),

cIH(M,N,L) ,HD(M,N,L) ,NP(M,N,L)
DIMENSION DX(N) ,D¥(M),DZ(L)

CHARACTER SEC(N,L)
COMMON/VAR/NU,NL, IBW, NEQ, IGATE, MDM, MAX,L,M,N, LFIN, MN,
¢ LBCPT,LVPT,IREF,SP,KT,TTOP, TEMPR,
c¢ DELH,DELT,TCONV,HCONV,XSCALE, ZSCALE,DINCHX,DINCHZ ,XMESUR, ZMESUR
WRITE(6,8)M,N, L, MAX, IREF,LVPT, LHCPT
READ(5,9) KT,SP,TTOP,TEMPR,TCONV, HCONV
WRITE(6,10) KT,SP,TTOP, TEMPR, TCONV,HCONV
CONVERT FROM CONDUCTANCE UNITS TO BTU/ (DAY*FT**2* (DEG.F/FT))
KT=KT*5,.8058

READ(5,9)DX

WRITE(6,11)

WRITE(6,12)DX

READ(5,9)DY

WRITE(6,13)

WRITE(6,12)DY

READ(5,9)DzZ

WRITE(6,14)

WRITE(6,12)D2

DO 1 K=1,L

DO 1 I=1,M

READ(5,15) (IT(I,J,K),Jd=1,N)
WRITE(6,16)

DO 2 K=1,L

WRITE(6,17)K

DO 2 I=]1,M

WRITE(6,18) (IT(I,J,K),J=1,N)

DO 3 K=1,L

DO 3 I=1,M

READ(5,15) (IH(I,J,K),d=1,N)
WRITE(6,19)

DO 4 K=1,L

WRITE(6,17)K

DO 4 I=1,M

WRITE(6,18) (IH(I,J,K),J=1,N)
WRITE(6,20)

CALL READ(DP,M,N,1l)

WRITE(6,21)

CALL READ(RCH,M,N,1)

WRITE(6,22)

CALL READ(HF,M,N,1)
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Attachment 1, continued

WRITE (6,23)
CALL DREAD(HD,M,N,L)
WRITE (6,24)
CALL DREAD(TMP,M,N,L)
WRITE(6,25)
CALL READ(P,M,N,L)
WRITE (6,26)
CALL READ(POR,M,N,L)
IF(M.EQ.1) THEN
: WRITE(6,27)
DO 5 K=1,L
READ(5,28) (SEC(J,K) ,J=1,N)
WRITE(6,29) (SEC(J,K) ,J=1,N)
5 CONTINUE
READ (5,30) XSCALE, 2SCALE, DINCHX, DINCHZ , XMESUR, ZMESUR
WRITE(6,31) XSCALE, DINCHX, XMESUR, ZSCALE , DINCHZ , ZMESUR
ENDIF
CLOSE(5)
IGATE = 0
DO 6 J=1,N
DXJ=DX (J)
DO 6 I=1,M
XMUL1=DXJ*DY¥ (I)
XMUL2=XMUL1/(12.%365.25)
XMUL3=XMUL1*.31853

o CONVERT FROM HFU TO BTU/DAY
HF (I,J) =HF (I, J) *XMUL3
o CONVERT FROM IN/YR TO FT**3/DAY
RCH(I,J)=RCH(I,J)*XMUL2
c CONVERT FROM FEET TO (BTU/DAY)/DEG.F
IF (DP(I,J) .GT.0.)DP(I,J)=KT*XMUL1/DP(I,J)
DO 6 K=1,L
HC(I,J,K) = 0. '
6 CONTINUE
DELH=HCONV
DELT=TCONV
DO 7 K=1,L
DO 7 J=1,N
DO 7 I=1,M
NP(I,J,K)=0
7 CONTINUE
CALL NUMBER(IT,NP)
RETURN
8 FORMAT (' NUMBER OF ROWS = ',I3/' NUMBER OF COLS = ',I3
c /' NUMBER OF LAYERS = ',I3/' MAXIMUM ITERATIONS = ',I3
c /' REFERENCE TEMP. FOR HYD. COND. = ',I3,' DEG. C'

c /' VELOCITY PRINT OPTION = ',L1
c /' HYD. COND. PRINT OPTION = ',Ll1)
9 FORMAT(16F5.0)
10 FORMAT(/' THERMAL CONDUCTIVITY=',1PEl2.4,
c ' C.U. - 10**-3 CAL./(CM.*s.',
c '"*DEG. C)'/' SPECIFIC HEAT=',El2.4,' BTU/CUBIC FT/DEG. F'/
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Attachment 1, continued

11
12
13
14
15
16
17
18
19
20
21
22

oaoo0aq

C

' SURFACE TEMP.=',El12.4,' DEG. F'/
' RECHARGE TEMP, = ',E12.4,' DEG. F'/
' TEMP, CONV. CRITERION = ',E12.4,' DEG. F'/
' HEAD CONV, CRITERION = ',E12.4,' FEET')
FORMAT (/' HORIZONTAL (X) NODE SPACING, FEET'/1lH ,33(1H-))
FORMAT (1X,1P10E12.4)
FORMAT (/' HORIZONTAL (¥) NODE SPACING, FEET'/1H ,33(1H-))
FORMAT (/* VERTICAL NODE SPACING, FEET'/1H ,27(1H-))
FORMAT (8011)
FORMAT (/' NODE LEVEL FOR TEMP.'/1H ,20(1H-))
FORMAT(/' LAYER ',I2/1H ,8(1H-))
FORMAT (1R ,801I1)
FORMAT (/' NODE LEVEL FOR HEAD'/1lH ,19(1H-))
FORMAT (/' DEPTH BELOW LAND SURFACE, FEET'/1lH ,30(1H-))
FORMAT (/' RECHARGE RATE, IN/YR'/1lH ,20(1H-))
FORMAT (/' HEAT FLOW, H.F.U. - 10**-6 CAL./(SQ. CM.*s.,)'/1lH ,
44(18-))

23 FORMAT(/' INITIAL HEAD, FEET'/1lH ,18(1H-))
24 FORMAT(/' INITIAL TEMPERATURE, DEG. F'/1H ,27(1H-))
25 FORMAT (/' HYDRAULIC CONDUCTIVITY (FT./DAY) AT REF. TEMP.'/

26
27
28
29
30
31

c

[o]

1H ,46(18H~))

FORMAT (/' POROSITY'/1lH ,8(1H-))

FORMAT (/' CROSS SECTION'/1H ,13(1H-))

FORMAT (80Al1)

FORMAT (1X, 80Al)

FORMAT (4F10.0,A8, 2X, A8)

FORMAT (/' HORIZONTAL SCALE UNIT = ',Gl2.5,' FEET'
/' NUMBER PER INCH= ',Gl12.5/' NAME = ',6A8

c /' VERTICAL SCALE UNIT = ',Gl2.5,' FEET'

c

/' NUMBER PER INCH= ',Gl12.5/' NAME = ',A8)
END
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Attachment 1, continued

C
1
o
2
3
4
5
6
7
8

READ - Reads REAL*4 arrays.
SUBROUTINE READ(ARRAY,M,N,KL)
DIMENSION ARRAY (1) ,TEMP(100)
MN=M*N
READ(5,4)CONS, IVAR
IF (IVAR.EQ.0) THEN
NARY=MN*KL
DO 1 IARY=1,NARY
ARRAY (IARY) =CONS
WRITE(6,5) CONS
ELSE
KK=-M-MN
DO 3 K=1,KL
KK=KK+MN
II=KK
IF(KL.GT.1)WRITE(6,6)K
DO 3 I=1,M
II=II+1
IJK=I1
READ(5,7) (TEMP(J) ,J=1,N)
DO 2 J=1,N
IJR=I1JK+M
IJK=I+(J-1)*M+(K-1) *M*N
ARRAY (IJK)=TEMP (J) *CONS
TEMP (J) =ARRAY (I1JK)
WRITE(6,8) (TEMP(J) ,J=1,N)
CONTINUE
ENDIF
RETURN
FORMAT (F10.0,15)
FORMAT (' UNIFORMLY =!',1PE12.3)
FORMAT (/' LAYER ',12/1H ,8(1H-))
FORMAT (20F4.0) '
FORMAT (1H ,1P10E12.3)
END
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Attachment 1, continued

C
1
C
2
3
4
5
6
7
8

DREAD - Reads REAL*8 arrays.
SUBROUTINE DREAD (ARRAY,M,N,KL)
REAL*8 ARRAY (1) ,TEMP(100)
MN=M*N
READ(5,4) CONS, IVAR
IF (IVAR.EQ.0) THEN
NARY=MN*KL
DO 1 IARY=1,NARY
ARRAY (IARY) =CONS
WRITE(6,5) CONS
ELSE
KK=-M-MN
DO 3 K=1,KL
KK=KK+MN
II=KK
IF(KL.GT.1)WRITE(6,6)K
DO 3 I=1,M
II=1I+1
IJK=1I
READ(5,7) (TEMP(J) ,J=1,N)
DO 2 J=1,N
IJK=IJK+M
IJK=I+(J-1) *M+ (K-1) *M*N
ARRAY (IJK) =TEMP(J) *CONS
TEMP (J) =ARRAY (IJK)
WRITE(6,8) (TEMP(J) ,J=1,N)
CONTINUE
ENDIF
RETURN
FORMAT (F10.0,15)
FORMAT (* UNIFORMLY =',1PEl12.3)
FORMAT (/' LAYER ',I2/1H ,8(1H-))
FORMAT (20F4.0)
FORMAT(1H ,1P10E12.3)
END
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Attachment 1, continued

C NUMBER - Numbers the equations, sets pointers from model grid

C to equations,

SUBROUTINE NUMBER(IT,NP)
LOGICAL LFIN,LHCPT,LVPT

REAL

CHARACTER*8 XMESUR, ZMESUR

KT

DIMENSION IT(1) ,NP(1)

COMMON/VAR/NU,NL, IBW, NEQ, IGATE, MDM, MAX, L, M, N, LFIN, MN,
¢ LHCPT,LVPT, IREF,SP,KT, TTOP, TEMPR,
¢ DELH,DELT, TCONV,HCONV, XSCALE, ZSCALE, DINCHX, DINCHZ , XMESUR, ZMESUR

I1L=MAXO(M,N,L)
I3L=MINO(M,N,L)
IF(M.EQ.I1L) THEN

ELSE

ELSE

ENDIF

I11=1
IF(L.EQ.I3L)THEN
I2L=N
121=M
I3I=MN
ELSE
I2L=L
I21=MN
I3I=M
ENDIF
IF(N.EQ.I1L) THEN
I11=M
IF(L.EQ.I3L)THEN
I12L=M
I21I=1
I31=MN
ELSE
I2L=L
I21I=MN
I131I=1 !
ENDIF

I1I=MN
IF(N.EQ.I3L) THEN
12L=M
I2I=1
131=M

ELSE
I12L=N
12I=M
131=1
ENDIF

IBW=2*12L*I3L+1
MDM=1BW/2

1EQ=0

DO 2

NC=1,2

IF(NC.EQ.1) THEN

13C=2
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Attachment 1, continued

I3INC=2*I31
ELSE
I3s=1
I3C=1
I3INC=1I3I
ENDIF
IIl=-M-M*N
DO 1 Il=1,I1lL
II1=II1+I111
112=1II1
Do 1 I2=1,I2L
I12=I12+4121
IF(NC.EQ.1) THEN
IF (MOD(I1+12,2).EQ.0)THEN
13s=1
I13=112~131
ELSE
I13s=2
II3=II2
ENDIF
ELSE
II3=II2
ENDIF
DO 1 13=13S,13L,I13C
II3=II3+I3INC
II3=I1*I1I+I2*%I2I+I3*I3I~-M-M*N
IF(IT(II3).NE.1)GOTOl
IF(NP(II3).NE.0)GOTOl
IEQ=IEQ+1
NP(II3)=IEQ
CONTINUE
IF(NC.EQ.1) THEN
NU=IEQ
ELSE
NEQ=IEQ
NL=NEQ-NU
ENDIF
CONTINUE
RETURN
END
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Attachment 1, continued

c PARTN - Sets pointers from equation to model grid, zeros Q array.

SUBROUTINE PARTN(NP, IR,JR,KR,Q)
LOGICAL LFIN,LHCPT,LVPT
CHARACTER*8 XMESUR,ZMESUR

DIMENSION NP(M,N,L),IR(NEQ),JR(NEQ),KR(NEQ),Q(NEQ,6)
COMMON/VAR/NU, NL, IBW, NEQ, IGATE, MDM, MAX, L, M, N, LFIN,MN,
¢ LHCPT,LVPT, IREF,SP,KT,TTOP,TEMPR,

¢ DELH,DELT,TCONV,HCONV,XSCALE, ZSCALE,DINCHX,DINCHZ , XMESUR, ZMESUR

DO 1 K=1,L
DO 1 J=1,N
bc 1 I=1,M
IEQ=NP(I,J,K)
IF(IEQ.EQ.0)GOTOL
IR(IEQ)=I
JR(IEQ)=J
KR (IEQ) =K

1 CONTINUE
WRITE (6,3)

WRITE(6,4) (IEQ, IR(IEQ) ,JR(IEQ),IEQR(IEQ),IEQ=1,NEQ)

DO 2 JJ=1,6
DO 2 IEQ=1,NEQ
2 Q(IEQ,JJ)=0.
RETURN
3 FORMAT (/' BLOCK NUMBER AND ROW,
c 1H ,44(18B-))

COL., AND LAYER NUMBER'/

4 FORMAT(1H ,9(I14,'=',12,',',12,',',12,1H ))

END
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Attachment 1, continued

C PA - Adjusts hydraulic conductivity for temperature change.
SUBROUTINE PA(TMP,IT,IH,NP,P,HC,Q)
LOGICAL LFIN,LHCPT,LVPT
REAL KT
REAL*8 TMP
CHARACTER*8 XMESUR, ZMESUR
DIMENSION TMP(M,N,L),IT(M,N,L),IH(M,N,L),NP(M,N,L),
c P(M,N,L) ,HC(M,N,L)
DIMENSION IC(6),JC(6) ,KC(6),IV(6),IVT(6)
DIMENSION Q(NEQ,6) ,XKV(100)
COMMON/VAR/NU, NL, IBW, NEQ, IGATE, MDM,MAX,L,M,N,LFIN,MN,
¢ LHCPT,LVPT, IREF,SP,KT,TTOP, TEMPR,
c¢ DELH,DELT, TCONV, HCONV, XSCALE, ZSCALE,DINCHX,DINCHZ , XMESUR, ZMESUR
DATA XKvV/1.7322,1.6741,1.6194,1.5676,1.5189,1.4727,1.4289,
1.3874,1.3479,1.3101,1.2740,1.239,1.2069,1.1757,1.1457,1.1168,
1.0889,1.0618,1.0357,1.0105,.9863,.9629,.9403,.9186,.8976,
.8774,.8581,.8395,.8214,,.8039,.7871,.7668,.7551,.,7399,.7251,
.7109,.6971,.6839,.6711,.6587,.6468,.6352,.6240,.6132,,.6029,
.5929,.5832,.5739,.5647,.5558,.5473,.5389,.5307,.5225,.5146,
.5069,.4994,.4921,.4849,.4779,.4711,.4644,.457<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>